Protein 4.1 is an 80-kD structural component of the red blood cell (RBC) cytoskeleton. It is critical for the formation of the spectrin/actin/protein 4.1 junctional complex, the integrity of which is important for the horizontal strength and elasticity of RBCs. We and others have previously shown that multiple protein 4.1 mRNA isoforms are generated from a single genomic locus by several alternative mRNA splicing events, leading t o the insertion or skipping of discrete internal sequence motifs. The physiologic significance of these splicing events has been established for only t w o of these motifs: (1) an upstream 17-nucleotide sequence located at the 5' end of exon 2 that contains an in-frame ATG initiation codon, the inclusion of which by use of an alternative splice acceptor site in exon 2 allows the production of a 135-kD highmolecular-weight isoform present in nonerythroid cells; (2) exon 16, which encodes a 21-amino acid (21aa) segment located in the 10-kD "spectrinlactin binding domain" (SAB), the presence of which is required for junctional complex stability in RBCs. Previous studies by our group and others suggested that, among blood cells, this exon was retained only in mature mRNA in the erythroid lineage. Exon 16 is one of a series of three closely linked alternatively spliced exons, generating eight possible mRNA products with unique configurations of the SAB. In this communication,
we report studies of the expression of both the translation initiation region and the SAB region during induced erythroid maturation in mouse erythroleukemia (MEL) cells. We have found that only t w o of eight possible combinatorial patterns of exon splicing at the SAB region are encountered: the isoform lacking all three exons, present in predifferentiated cells, and the isoform containing only exon 16, which increases in amount during erythroid differentiation. The protein isoform containing the 21aa segment encoded by exon 16 efficiently and exclusively incorporates into the membrane, whereas the isoform lacking this 21aa segment remains in the cytoplasm, as well as the membrane. In contrast with exon 16, the erythroid pattern of exon 2 splicing, ie, skipping of the 17-base sequence at the 5' end, was found t o be already established in the uninduced MEL cells, suggesting strongly that this regulated splicing event occurs at an earlier stage of differentiation. Our results demonstrate asynchronous regulation of two key mRNA splicing events during erythroid cell maturation. These findings also show that the splicing of exon 16 alters the intracellular localization of protein 4.1 in MEL cells, and appears t o be essential for its targeting t o the plasmalemma.
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reactive polypeptides, some of which are generated by alternative splicing of selective sequences called motifsh-I3 (Fig  1) . Most but not all of these sequence motifs correspond to individual exons." (and unpublished data).
We and others have suggested that two particular splicing events significantly alter the functional behavior of protein 4.1. The first is retention of a 17-nucleotide motif by use of an alternative acceptor site in exon 2 (Fig l) , which inserts an upstream AUG translation initiation codon, thus converting 6 18 bases of the 5' untranslated region to an in-frame translatable sequence."'" The resulting mRNA encodes two potential protein isoforms: a 135-kD isoform and the erythroid 80-kD isoform. The second event is exon selection that changes the composition of the 10-kD spectridactin binding (SAB) domain. We and others'","." have recently demonstrated that the region of the protein 4.1 mRNA encoding the SAB domain actually includes three alternatively spliced exons: exons 14, 15, and 16 ( Fig I) . There is thus the potential for eight combinatorial splicing patterns, yielding as many as eight protein isoforms with potentially different capacities to bind different forms of spectrin or spectrin/ actin complexes.
Further understanding of the expression patterns of these isoforms and their biochemical capacity to interact with spectrirdactin complexes will be important for refined understanding of the biologic roles of erythroid and nonerythroid isoforms of protein 4.1. Chasis et all4 recently reported that the splicing pattern leading to exclusion of the 17-base motif from exon 2 in mature mRNA is established early in erythropoiesis, perhaps as early as the erythroid burst-forming unit (BFU-E) stage, since the 135-kD isoform declines in abundance thereafter. It would be interesting and potentially important to know whether each splicing event is regulated 
MATERIALS AND METHODS
Cell ciilture nnd indiction of cli~ferei~ticrtioi~. The subclone 745-I of the MEL cell line was cultured and induced to erythroid differentiation in a fibronectin culture system as previously rccommended.I5 Cells were preincubated in culture medium (Dulbecco's modified Eagle's Medium supplemented with 13% heat-inactivated fetal hovine serum) containing 2.5% hovine serum albumin (BSA) (wtlvol) and 0.9 mmollL Iron Dextran (Sigma, SI Louis, MO). Before initiating differentiation with DMSO. the cells were preincubated for an additional 12 hours in induction medium (culture medium containing 5% BSA and 1.8 mmol/L Iron Dextran).
To conduct the time course study, five sets of IS-cm bacteriologic Petri dishes were precoated with tibronectin (20 pglmL in phosphatebuffered saline [PBS] ). Just before plating. a fraction of preincubated cells, called uninduced cells, were collected for RNA and protein extraction. The remaining preincubated cells were plated on tibronectin-precoated dishes. After I hour of incubation at 37°C. over 90% of the cells attached to the substratum. Fig   5A) contains the 5' region of exon 2, including the 17 upstream bases, and extends to the 5' untranslated region (UTR). cDNA clones to be used as RNA polymerase templates were fully sequenced to ascertain the absence of any PCR or cloning artifacts. High-specific activity RNA transcripts were synthesized using [a-"P]GTP (-3,000 Ci/mmol; Amersham) in an in vitro transcription system (Riboprobe Gemini 11 Core system; Promega) according to manufacturer specifications. The probes were treated with RNase-free DNase and purified through (3-50 Sephadex columns (Quick Spin Columns; Boehringer Mannheim, Meylan, France). A mouse a-globin antisense mRNA probe was synthesized from a pSP6 clone, kindly provided by Dr B.G. Forget and described by Curtin et a] ." This globin probe was used to quantify globin mRNA production as a control of MEL cell induction.
Two micrograms of total RNA from reticulocytes or 5 pg from MEL cells were hybridized in solution with 250,000 to 500,000 cpm of probe overnight at 43°C. After hybridization, the samples were digested with a RNase A/RNase TI mixture in 1:100 dilution (Ambion Inc, Austin, TX) for 20 minutes at 37"C, precipitated, and resuspended in formamide denaturing loading buffer. The protected fragments were analyzed on 6% polyacrylamide/8mol/L urea gels. After drying, gels were autoradiographed on XAR-5 Kodak films (Eastman Kodak, New Haven, CT) using an intensifying screen. RNA protected bands were quantified using a Computing Densitometer (Molecular Dynamics, Sunnyvale. CA).
RNase prutecriun assay.
RESULTS
MEL cells have been used extensively as a model for erythroid differentiation. It has been shown that suspension cultures undergo erythroid maturation when exposed to chemical inducers such as DMSO, hexamethylene bisacetaminide, or butyrate.'' However, most of these cells become arrested at an intermediate-to late-(orthochromatic) erythroblast stage and do not enucleate. It has been shown that attachment of MEL cells to an extracellular matrix such as fibronectin before DMSO induction favors more complete maturation than suspension c~1ture.l~ Induction on fibronectin-coated plates is accompanied by progressive detachment of the cells, which mimics the release of reticulocytes from the bone marrow into the peripheral blood. We have used the fibronectin matrix system to study protein 4.1 pre-mRNA splicing during MEL cell induction. Adherent and nonadherent cells were collected separately during the time-course study.
Alternative splicing of protein 4.1 motifs in the SAB domain. Quantitative analysis of protein 4.1 mRNAs was performed using a RNase protection assay with (RPA) probe pG4. 1[16] (Fig 2) . This assay showed an increase in total protein 4.1 mRNA accumulation starting 48 hours after induction and 24 hours after the accumulation of globin mRNA that served as a positive control for induction. Simultaneously, mRNA isoforms retaining exon 16 sharply increased. This increase is more prominent in nonadherent cells than in adherent cells between days 5 and 8 (Fig 2) .
Densitometric quantification (Fig 3) performed on both adherent and nonadherent cell autoradiograms (Fig 2) revealed a relative increase of exon 16-containing isoforms, up to 40% of total protein 4.1 mRNA, whereas the newborn peripheral blood shows more than 90% of this isoform. This observation, in agreement with previous findings," suggests that the chemical induction, although it simulates in vivo erythroid maturation, does not proceed to completion. The relative amount of protein 4.1 mRNA including exon 16 is higher in adherent cells during the early days of induction (days 2 to 5). This pattern is reversed during the late days (days 6 to 8), in which the relative percentage of this isoform is higher in nonadherent cells (Fig 3) . Considering that exon 16 expression is a marker for erythroid differentiation, these findings further support the view that the fibronectin culture system reflects more realistically the in vivo bone marrow/ peripheral blood environment, in which cells evolve from an undifferentiated stage on a static matrix (bone marrow) to a differentiated stage in circulating blood.
For personal use only. on November 16, 2017. by guest www.bloodjournal.org From no mRNA containing exon IS was detectable (Fig 4) .
-

217-
-
160-
-
123-
110-
90-
-
A
Alternative splicing at the translation initiation region.
Previous studies have shown that the 17 bases at the extreme 5' end of exon 2 are absent from reticulocytes but present in nonerythroid cells."."' We hypothesized that a second and different regulatory mechanism might lead to the skipping of these bases during erythroid maturation. We analyzed MEL cell mRNAs by RPA using the TA42 + 171 probe (Table I ). Figure 5 shows the presence of the 17-base sequence at a very low (<S%) and constant level in uninduced cells and throughout differentiation. Newborn peripheral blood displays a minute amount of this mRNA species. This might derive at least partially from nonerythroid cells. C?CIz muscle cell mRNA, which served as the RT-PCR template to prepare the TA-12 + 171 cDNA insert. contains a substantial amount (-35%) of this sequence.
These data suggest that the erythroid pattem of splicing at exon 2, in contrast to regulation of exon 16, is established before the stage of differentiation of tininduced MEL cells. fragments (369 and 162 nucleotides; Fig 5A) that contain the 5' UTR upstream of exon 2: this sequence has been isolated from a unique bone marrow cDNA clone.I3 Surprisingly, both expected fragments are undetectable in peripheral blood cells, but present in fetal liver. It therefore seems that only tissues containing predifferentiated cells (bone marrow. fetal liver, and MEL cells) contain the 5' UTR sequence, which suggests a sequence heterogeneity of the 5' UTR. upstream of exon 2.
C1inrncteri:nriori of proteiri isoforins in indiced MEL cells. Westem blot analyses of cytosolic and membrane proteins were performed using specific antibodies against the 80-kD erythroid protein 4.1 or against a synthetic peptide within exon 16.' Figure 6A shows an increasing amount of newly synthesized 80-kD protein 4. I in the cytosolic fraction after differentiation. Unexpectedly, the 2 I -amino acid (21aa) peptide antibody did not reveal any product in this fraction (Fig 6A) . This appears contradictory to the data presented earlier herein and elsewhere at the mRNA level. We will discuss in the next section this virtual absence from the soluble fraction of exon 16-containing isoforms. In contrast, the membrane fraction contains nearly equal amounts of total protein 4. I . mostly the 80-kD form (Fig 6B) . After induction. in contrast. the majority of the protein found in the membrane fraction consists of the 21aa isoform. (Fig 6R) . We are not certain whether this reflects postinduction displacement of isoforms lacking the 21 amino acids, assembly of new membrane complexes containing the "differentiated" isoform of protein 4.1, followed by selective insertion of these complexes into the membrane. or some other mechanism. However, clearly, our results establish MEL cells as a potentially useful model for studying the transition of plasma membrane stntctiires containing predifferentiated isoforms of cytoskeletal proteins by structures containing differentiated forms.
The 135-kD protein isoform, which requires the use of the upstream AUG present in the 17-base motif, is undetectable in either the cytosol or the assembled membrane fractions of both uninduced and induced cells. For 
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band 3 and protein 4.1 synthesis increases."-" We also observed an increase of total protein 4.1 accumulation at both the protein and mRNA levels (Figs 2 to 6 ). However, it appears from our data that the cytosol protein fraction contains only protein 4.1 forms lacking exon 16. During induction, newly synthesized polypeptides retaining exon 16 are exclusively incorporated into the skeleton. No polypeptides containing exon 16 were actually detectable in the cytosol fraction. These findings are consistent with the extremely rapid and efficient kinetics of protein 4.1 assembly reported in avian RBCs, in which newly synthesized proteins were barely detectable in the cytosol." It is not yet clear whether the "induced" forms replace preexisting forms lacking that region, whether the "differentiated" isoforms bind to different membrane sites, or whether the binding of the isoform lacking the 21 amino acids is reversible.
Taken together the present and previous data suggest that stable RBC membrane formation results not only from the increase of protein 4. I synthesis but, most importantly. from the incorporation of the exon 16 encoding sequence. which carries, at least partly, the binding site for the spectrin/actin compIex.23"5
Our previous experiments have shown that constitutive MEL cells express protein 4.1 isoforms lacking exon 16. DMSO induction results in the accumulation of isoforms containing this exon.'.'".'' RPAs performed in this study demonstrate that only two major isoforms of eight possible variants of the SAB region are produced in erythroid precursors: ( I ) one isoform lacking all three exons, present mostly in undifferentiated cells, and (2) one isoform containing only exon 16, present at increasing levels during cell differentiation. We speculate that the l % to 5% minor isoform bearing Earlier experiments suggested, on the basis of the virus infection specificity, that MEL cells must be blocked at a CFU-E stage.lX Therefore, the modulation of exon 16 selection that follows induction is an integral step in terminal cell maturation toward the reticulocyte stage. Unlike exon 16, splicing behavior within exon 2 seems to be determined earlier in erythroid precursors. This observation is in agreement with a recent study on human erythroid precurs o r~. '~ This study found the 135-kD form in early (before the "BFU-E 5-day'' stage) precursors that diminished at late stages. As recently suggested for 0-spectrin mRNA pro~e s s i n g ,~~ protein 4.1 exon 2 splicing might be an early marker for erythroid differentiation. The study provided evidence that p-spectrin transcripts are processed in a completely erythroid pathway in cultured human peripheral blood BFU-E cells.'7 It also showed that induction of erythroid differentiation using hemin in human erythroleukemia cells, which produce both erythroid and nonerythroid pspectrin transcripts, results in a partial shift toward the erythroid splicing pathway. 27 The physiologic importance of the two splicing events that we have examined is consistent with studies on RBC pathology related to protein 4.1 abnormalities. It has been shown that large deletions removing the downstream AUG2R.29 or a point mutation3" that abolishes the same AUG result in the absence of protein 4.1 in the mature RBC membrane. Similarly, structural alterations of the SAB site result This deletion occurs a few amino acids downstream of the exon 16-encoded peptide sequence, and results in protein 4.1 deficiency and a typical hereditary elliptocytosis phenotype.2s Functional studies of this variant strongly suggested that although exon 16 is essential for spectridactin binding, it is probably insufficient to provide the minimum functional binding site, which would therefore include sequences downstream of that exon.
Our data show that asynchronous tissue and differentiation stage-specific splicing programs regulate the differentiationdependent biosynthesis of unique isoforms of protein 4.1 that appear to be specifically adapted for incorporation into the developing membranes of maturing RBC progenitors. Our results show for the first time that this is a progressive process occumng during the stages of erythroblast maturation after the approximately proerythroblast stage represented by uninduced MEL cells. The functional importance of altering the upstream splicing event so that no isoforms are produced with an amino-terminal extension remains obscure. Further studies in which forced expression of these isoforms during erythroid maturation is experimentally achieved will be required to address this issue. Nonetheless, our results clearly show that the transition from isoforms lacking the 21 amino acids encoded by exon 16 in predifferentiated cells to a predominance of isofoms containing these 21 amino acids is strictly regulated during erythroid maturation. This
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